Use of X-ray contrast allows us to differentiate between two or more adjacent structures on radiographic studies. The X-ray contrast agent can be the one with increase X-ray absorption, like iodine and a barium X-ray contrast agent or the one with decrease
INTRODUCTION
In medical parlance, contrast is a mean which allows us to differentiate between two or more adjacent elements on a radiographic study. There are essentially two prototypes of X-ray contrast agents: (1) Positive agents (which increase X-ray absorption: Iodine or barium based); and (2) negative agents [decrease X-ray absorption: Air, carbon dioxide (CO2)] [1] . In animal experiments (1940s) and later in human studies (1950s), CO2 enabled investigators to delineate both right and left heart structures. With the introduction of digital subtraction angiography (DSA) in 1980s, the image quality improved significantly [1] . Conditions where use of iodinated contrast agent (ICA) are precluded such as impaired kidney functions, dye allergy, CO2 may be used as an alternate contrast agent with comparable results and in some cases superior results [2] [3] [4] .
Physical properties
Understanding of physical properties of CO2 is central for its use. Administration of CO2 needs extreme care. It is a colorless, odorless and significantly compressible gas. CO2 has low molecular weight as compared to ICA, is less viscous then blood and ICA and due to this property it can be used to image small collateral vessels. It displaces the blood in the vessels and acts as a negative contrast agent. This property creates a significant gradient between the radiographic density of the vessel wall and the lumen. DSA technique uses this difference in the densities to provide a contrast image. CO2 is more soluble than oxygen (O2) and dissolves in the blood within 2-3 min after injection. When mixed with water it creates carbonic acid (H2CO3) which dissociates into bicarbonate (HCO3 -) and hydrogen (H + ) ions carried by blood flow to the lungs. Reverse reaction happens in the lungs where the breakdown product of H2CO3, CO2 is then exhaled. These chemical reactions are facilitated by enzymes called carbonic anhydrases.
During its use, monitoring of vital signs is required. Capnography if available would be useful in monitoring the ventilation.
Administration
There are 3 commonly used methods of administering CO2. Preferred method is via automated injectors (automated CO2 mmanders). Hand held syringes have been used in the past but are not commonly used now due to increased risk of complications such as air contamination and explosive over dosage [5, 6] . Automated CO2 mmanders: Have the utility of being handy, portable, safe and easy to use but their high cost (approximately 3000 USD) [7] make them an unpopular choice.
The modified plastic bag system with O-ring: Is a preferred method by some experts. Kit packs consisting of bag, tube and valves are available commercially (custom waste management kit by Merit Medical, South Jordan, UT; or Angio-Dynamics Queensbury, NY) [8, 9] . The usual source of CO2 is an Aluminum or steel cylinder of medical grade CO2 which is about 99.99% pure, fitted in a series circuit with a valve, a gauge, a regulator, a diaphragm and an antibacterial filter. A 1500 mL plastic bag with a single port connected with a low pressure tube and a 2-way stopcock at the distal end of the tube is then connected to the CO2 cylinder. It is then filled and manually purged at least 3 times. The filled bag is then connected at its 2-way stopcock end with an O-ring connector which on the other end is connected with the delivery syringe (20-60 mL). There is a 1-way valve between the O-ring and the syringe. The syringe is then connected with another 1-way valve and then with a 100 cm connecting tube. The distal end of this tube has one more 1-way valve which is then connected with a 3-way valve. This 3-way valve can then be connected with the angiographic catheter. On the other port an additional syringe for back-bleeding or eliminating the air from the system can be attached ( Figure 1 ). To fill the delivery syringe the plunger is simply retracted. The 1-way valves will allow the CO2 in the plastic bag to move into the syringe. The plunger can then be advanced at the desired rate and amount. The 1-way valves will allow the gas to move towards the 3-way valve which can then be adjusted depending on the ports required to be used. The angiographic catheter is at times filled with blood which can be cleared by using the additional syringe attached at the 3-way valve. Forceful boluses of 3-5 mL CO2 can be used to clear the catheter from any remaining fluid. The catheter can then be flushed with 1-3 mL of CO2 every 2-3 min. All the connections of the circuit need to be air tight to avoid any air aspiration or embolism. The plastic bag should be filled enough to remain flaccid as tightly filled bag may pose risk of overdose due to gas compression [9] .
Underwater seal: This is a relatively simple, inexpensive and easier method but there may be a slight risk of air contamination and or inadvertent explosive administration of CO2 into the patient [10] . In this system, the CO2 source is connected to a regulator, a particle filter and a 3-way tap by connecting tubes. One end of 3-way valve has a sliding 2-way valve connected to a 60 cc syringe. The other end of 3-way valve has a tube serving as a simple under water seal by having the other end of the tube dipped in a bowel of saline. When the CO2 source is turned on and the 3-way valve is on to the syringe, the syringe will get filled without pulling the plunger, by the positive pressure of the CO2 coming from the source. Once the syringe is filled the 2-way valve is turned off and 3-way valve is turned to the under-water seal. Bubbles of CO2 would be seen in the bowel of saline coming out of the tube's end. The CO2 source is then turned off and the 3-way valve is then turned on to the syringe and the water seal. The CO2 can then be purged through the water seal. This process of filling and purging can be repeated at least 3 times to make sure that there is only CO2 and no air in the tubing and syringe system. Then the filled syringe along with a 2-way valve turned off, can then be disconnected and attached to the angiography catheter. Right before it is connected to the angiography catheter, the 2-way valve is turned on to release the positive pressure in the syringe to come down to atmospheric pressure. This will avoid explosive administration and or over dosing of pressurized CO2 in the syringe but at the same time this may create a very small risk of air contamination. Only fully filled syringes should be used while using this method as half-filled syringes when opened to atmospheric pressure will certainly lead to higher risk of air contamination. The innovators of this system also described their experience of 5 years in
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Dosage
Typically 30-40 mL of CO2 is injected for abdominal aortography or IVC visualization. Twenty to thirty milliliter is used for lower extremity vessels and other aortic branches like celiac, superior mesenteric or renal arteries. The left renal artery which is more posteriorly located can be filled even with 10 mL if injected with patient lying on the right side. Injections can be repeated at approximately 3 min intervals. Thirty to fifty milliliter may be used for runoff studies by injecting at low rate of 10 mL/s.
Potential uses of CO2-based angiography (Figure 2)
The diagnostic accuracy is acceptable in comparison to contemporary ICA and in some conditions such as TIPS, CO2 is even rendered superior to the ICA.
Aortic aneurysm repairs:
CO2 has been used in endovascular repairs of aortic aneurysms [11] [12] [13] [14] . A recent prospective study of 72 patients with abdominal aortic aneurysm (AAA) endovascular repair demonstrated that CO2 has overall sensitivity of 84% and specificity of 72% as compared to ICA as the standard criterion for detection of endoleaks and in patients who are at risk of nephrotoxicity from ICA, CO2 can be used as an acceptable alternative to ICA [15] . Another study describes the outcomes of CO2-guided procedures are similar to those which are ICA-guided [14] . Additional benefit of CO2 use in endovascular repair of AAA is that an accessory catheter which is otherwise required for ICA may not be required for CO2 injection as it can be administered through the endograft sheath or femoral access sheath [13] . Aortography: CO2 may be used for aortography and for runoff studies in most patients [16] . If needed supplemental ICA imaging may be used in order to obtain additional information. To get the retrograde aortogram, CO2 may be injected retrograde through the femoral artery by percutaneous catheterization with a 4-Fr end-hold catheter (Cobra-shaped or shepherd hook catheter) or catheters with side-holes (Omni-flush, pigtail, Racquet, multipurpose). Contra-lateral superficial femoral arterial views can also be taken through the same port by moving the catheter into the contralateral superficial femoral artery. For antegrade views microcatheters of 3-Fr may be used for popliteal, tibial and peroneal arteries. Use of intra-arterial nitroglycerine and or leg elevation may be done for better visualization of smaller vessels such as tibial and plantar branches. Ali F et al . Carbon dioxide as intravascular contrast agent anomalies and thrombus visualization, recanalization of occlusion and estimation of IVC diameters (accuracy of about 97%). In a study of 50 patients, CO2 was used for IVC filter placement at the bedside in ICU setting. Only 2 of these patients required additional ICA for better visualization. The study concluded with positive results and favored the use of CO2 as first line contrast agent in ICU patients requiring IVC filter [21] .
Portal vein imaging (portography):
A very important utility of CO2 is in the delineation of the portal vein anatomy (wedged hepatic venography) during TIPS procedure (Figure 4) . CO2 is found to be superior to ICA for this use and can be used as first line contrast agent for portography [22] . The reason is buoyancy and low viscosity of CO2 making it travelling through the sinusoids easily and deeply. In liver transplants, anastomosis can also be visualized using CO2. In a study of 16 patients, the utility of CO2 was compared with ICA for balloon-occluded retrograde trans-venous venography (BRTV) and obliteration (BRTO) for gastric varices and it was found that varices were visualized veins or arteries, renal cell carcinomas, evaluation of transplanted kidney vascular stenosis and for its angioplasty and/or stenting, anastomotic stenosis, diffuse arterial disease related to chronic rejection and AV fistulas after renal transplant biopsy (in which case it may be superior to ICA) [17, 18] . In such cases CO2 may be used as initial imaging modality to get an overview and then small dose ICA may be used for confirmation of the findings [11] . CO2 does not adequately fill the distal portion of renal artery very well in a supine patient, as it is located posterior to the aorta. In this situation, the patient may be turned on the side to bring the renal arteries superior with respect to the aorta. Recent studies have also demonstrated the use of CO2 in combination with intravascular ultrasound for successful vascular stenting. In a study of 18 patients, 27 successful renal artery stenting procedures were done using CO2 and intravascular ultrasound with good outcomes [19, 20] .
Inferior venae cava imaging: CO2 can be used for the placement of inferior venae cava (IVC) filters, IVC venous 
Ali F et al . Carbon dioxide as intravascular contrast agent
for the following oncological embolization procedures: Embolization of renal cell carcinoma and its metastatic lesions in the bone, hepatocellular carcinoma [28, 29] , radiofrequency ablation and transcatheter arterial chemoembolization of hepatocellular carcinoma (by using intra-arterial CO2 for enhancement for ultrasonography guidance) [30] , uterine artery embolization in uterine leiomyoma [31] . These procedures can be optimized by using super-selective angiographic techniques with help of micro-catheters of 3 Fr.
Upper extremity venography:
Can be performed using the CO2 [32] . It can be useful for AV-fistula formation [33] , insertions of trans-venous pacer wires [34] , central venous catheters and for the delineation of any atypical vascular anatomy. The preferable site of injection is antecubital vein and a 21 gauge catheter may be used. In a series of 146 AV fistulography procedures using CO2 as the first line contrast agent, 141 cases required AV fistula intervention and in 115 of these cases intervention was performed successfully using CO2 alone. Rest of the cases required ICA for various reasons in addition to CO2 for intervention [35] . For AV fistula assessment, one needs to be careful of not letting CO2 reflux into arterial system due to potential risk of neurologic sequelae including infarction. Also there is a potential of overestimation of fistula stenosis.
Gastrointestinal bleeding: Due to increased compressibility and low viscosity it may be useful in detecting the site of occult bleeding or ongoing blood loss such as the gastrointestinal tract, with higher sensitivity than ICA. CO2 can also be used in selected angiographies for chronic mesenteric ischemia [36] .
Contrast ultrasonography: CO2 can be used to enhance sonography by employing CO2 microbubbles. In a study where conventional sonography was compared with CO2 micro-bubble enhanced sonography; the former detected only 6 tumors however with CO2-microbubble enhanced sonography 14 tumors were detected and then treated successfully with radiofrequency ablation better with CO2 than with ICA and even in cases where ICA could not reach the varices, CO2 successfully delineated these varices (in 7 out of 16 patients), leading to successful obliteration of the varices [23] . According to some estimates, success rate of portal vein visualization with CO2 wedged hepatic venography is approximately 90%. A diagnostic catheter of 5-Fr can be used for wedged hepatic venography. Using the femoral or jugular vein approach, catheter can be advanced into a peripheral hepatic vein for wedging. It is also being used for multi-detector CT cholangiopancreatography. In a study of 73 patients, the feasibility of CO2 enhanced CT cholangiopancreatography was assessed and found to be very useful for interventional procedures [24] . Splenoportography: Can also be done by using CO2 in selected patients [25] such as a patient in which portal vein imaging study for patency is inconclusive [26] . Twenty-two to twenty-five gauge needle can be used to inject CO2 into the parenchyma of spleen. This is useful in pediatric patients as it obviates the catheterization of femoral artery for arterial portography. Endoscopic ultrasound guided direct portal venography with CO2 by using a small FNA needle has also been used in animal studies with favorable results [27] .
Tumor embolization procedures: CO2 can be used (inferior or caudal positioned) vessels may be suboptimal (such as visualization of renal arteries in supine position). This problem can be circumvented by putting the patient in lateral decubitus position. CO2 may get trapped in organs which are non-dependant and cause decreased blood flow or ischemia such as in transplanted kidneys or mesenteric vessels. If we place the patient in lateral decubitus position, the CO2 may remain trapped in right atrium instead of moving into pulmonary arteries. Changing the body position may help clearance in these situations. Similarly using low volumes of CO2 with adequate time intervals may help avoiding these adverse effects. Although 100 mL is the recommended maximum volume for arterial use and 50 mL for venous use, by using above mentioned precautions, larger total volume may be used. Vessels which are more anterior such as superior mesenteric artery (SMA), CO2 is useful in their evaluation, particularly for proximal mesenteric stenosis. For more distal assessment ICA probably provides superior imaging.
Due to its dissolution in blood soon after injection vessels with slower flow may not have adequate visualization and this may lead to overestimation of stenosis. Similarly due to the expansive nature of CO2 and elasticity of vessels, CO2 may lead to overestimation of the vessel diameter. This may cause errors in estimation of balloon or stent size during intervention procedures.
The use of CO2 for cerebral, spinal and or cardiac procedures should be avoided as there is a potential risk of ischemia to vital organs [39] . In animal models neurotoxicity has been reported after cerebral use. For the same reasons, before the use of CO2 presence of atrial or ventricular septal defects or pulmonary arteriovenous malformation should be ruled out to avoid the risk of paradoxical embolism to CNS and or coronary embolization. CO2 may also aggravate or worsen pulmonary arterial pressure therefore the use of this agent should be avoided in pulmonary hypertension. There are some relative contraindications for the use of CO2 for upper extremity which are similar for other uses using CO2-microbubbles enhanced sonography [37] .
LIMITATIONS
Overall CO2 is a relatively safe agent [38] . In a study of 800 subjects, only one complication of transient colonic ischemia was reported. In another study of 1200 subjects only 7 subjects developed some kind complication. Livedo reticularis, bowel ischemia and renal dysfunction have been described after in 1 patient with CREST syndrome [38] ( Table 1 ).
The adverse effects are primarily either dose related or buoyancy related. Majority of the adverse effects are due to "vapor-lock phenomenon" which result when large amounts of CO2 are injected or a small amount is injected too frequently with very short intervals causing trapping of CO2 gas column in the vessel and consequently obstructing the vessel. This may lead to ischemia of the tissues. Cases with transient mesenteric ischemia and ischemic colitis secondary to "vapor lock phenomenon" have been described in the literature. Similar mechanism may potentially precipitate right sided heart failure. Sometimes CO2 bubbles may accumulate in an aortic aneurysm and may cause blood flow obstruction, leading to tissue ischemia. Even a transient occlusion of inferior mesenteric artery may result in mesenteric ischemia. Typically, this happens with the use of excessive dose of CO2. Similarly a vapor lock may happen in the pulmonary artery and this may lead to significant hypotension. Air contamination may also cause vapor-lock phenomenon that is typically worse and more persistent. Usually CO2 bubbles in the pulmonary artery dissolve within 30 s. If they persist beyond 30 s then either air contamination or CO2 overdosage should be suspected and the tubing system should be checked for any air leak. For hypotension secondary to vapor lock phenomenon, patient should be placed in Trendelenburg position or lateral decubitus positions. Aspirating the air using a catheter from the pulmonary artery should also be considered.
Due to its buoyancy the visualization of a dependent Ali F et al . Carbon dioxide as intravascular contrast agent as well and these are the presence of cardiac septal defects, pulmonary AV malformations, pulmonary hypertension and severe emphysema. In a series of 146 arteriovenous fistulography procedures, in 3 cases when manual injection of CO2 into the brachial artery was performed, a reflux of the gas into the thoracic aorta occurred precipitating transient loss of consciousness [35] . Typically, CO2 angiography does not cause any significant changes in the serum osmolality or blood gas values [40] unless excessive quantities of CO2 are used or significant derangements of pulmonary function happen. Caution is required in cases where pulmonary functions are compromised such as in chronic obstructive pulmonary disease, as clearance of CO2 may be decreased. Doses of CO2 for diagnostic purposes are typically between 20-40 cc and it has no effect on vital signs. Any change in vital signs should prompt the considerations for air contamination or air trapping. Peristaltic and breathing movements sometime may decrease the image quality of mesenteric CO2 angiography. This problem may be avoided by selective or superselective CO2 injection into the mesenteric arterial branch, getting additional mask images or using intravenous glucagon to suppress the peristalsis. While using CO2, sedation should be avoided or minimized as any of the side effects of CO2 overdosing or air contamination may be missed in the presence of heavy sedation. During the procedure patients vital signs (pulseoxymetry, blood pressure, heart rate, respiratory rate, ECG, and if possible capnography) need to be monitored closely. Any change in these parameters should raise the suspicion of CO2 over dosage or air contamination.
The utility of CO2 as contrast agent for CT angiography for abdominal aorta and peripheral vessels is also currently being evaluated [41, 42] . In an animal study the use of CO2 micro-bubbles mixed in saline was compared with conventional CO2 gas and ICA and demonstrated that vessels can be depicted using X-ray angiography and CO2 micro-bubbles as enhancement [43] . CO2 bubbles sometimes may provide better visualization then plain CO2 gas with additional benefit of low dose requirement [44] .
CONCLUSION
CO2 is useful in cases where ICA cannot be used due to allergy or impaired kidney functions. CO2 may be superior to ICA in certain procedures such as in TIPS.
